Abstract Whole-body elimination coefficients of polychlorinated biphenyls (PCBs) were determined in two Great Lakes invasive fish species, round goby (Neogobius melanostomus) and tubenose goby (Proterorhinus semilunaris). Elimination rates were determined for a set of model PCB congeners (n = 12 congeners) dosed to fish by intraperitoneal injection and allowed to depurate at a temperature of 21.4°C for 90 days. Eight PCBs (PCB 6, 21, 57, 62, 68, 89, 112 and 125) exhibited significant elimination by round goby and had corresponding half lives ranging from 13 to 39.8 days. For tubenose goby, four congeners (PCBs 21, 57, 62 and 68) exhibited significant elimination with half lives in the range from 18.8 to 48.8 days. Whole-body elimination rate coefficients were significantly higher for round gobies compared to tubenose goby. In both cases, PCB elimination rate coefficients were negatively related to chemical log K OW .
Persistent organic pollutants (POPs), as exemplified by polychlorinated biphenyls (PCBs) have high bioaccumulation potentials in organisms and food webs (Connolly and Pedersen 1988; Gobas et al. 1999) . Even though PCB production has been banned in North America since the 1970's, these contaminants remain the largest contributor to sportfish consumption advisories in the Laurentian Great Lakes. Part of the remarkable persistence of these chemicals is due to their slow environmental degradation rates and strong association with sediment organic matter which has resulted in the accumulation of large reservoirs of contaminated sediments in several Great Lakes Areas of Concern. PCBs also tend to concentrate in surficial sediments, achieving not only high concentrations, but also higher chemical potentials (or chemical fugacity) compared to overlying waters (Gobas and Maclean 2003) . This leads to an enhancement of the benthic exposure pathway for chemical entry into food webs (Morrison et al. 2000) .
The Great Lakes have also been subject to invasive species stressors which further reinforce the benthic food web. The establishment of dreissenid mussels in the mid-1980's contributes to nutrient entrainment in sediments and increases in benthic productivity at the expense of offshore algal production (Hecky et al. 2004) . Following dressinid invasion, round gobies capable of feeding on dreissenids and tubenose goby entered the system and provided new benthic/pelagic food web linkages capable of shunting sediment associated contaminants to sport fish (Johnson et al. 2005) . Noteworthy, smallmouth bass (Micropterus dolomieu), walleye (Sander vitreus) and lake trout (Salvelinus namaycush), all highly sought after sport fish, readily incorporate invasive gobies in their diets (Diggins et al. 2002) .
Although bioaccumulation kinetics of PCBs in fish have been documented in many fish species (Niimi and Oliver 1983; Fisk et al. 1998; Paterson et al. 2007 ) and a bioaccumulation model has been described for round goby (Ng et al. 2008) , there are no empirical studies measuring PCB toxicokinetics in gobies. The objective of this study was to measure whole-body elimination coefficients (k tot ) for a set of PCB congeners in round goby and tubenose goby and to compare empirically derived chemical toxicokinetics between the two fish species.
Materials and Methods
Twenty-four fish of each species were collected from the Detroit River by seine net between July 1st to September 15th, 2013 (42°20 0 14.8452 00 N, 82°54 0 58.1466 00 W). At the time of collection, the more abundant round gobies were size-graded to as closely match sizes of tubenose gobies being captured. Fish were transported to the laboratory at the University of Windsor within 3 h of their field collection.
Individuals of each species were held in a 550 L polyethylene tank divided into four sections using plastic mesh inserts. Two larger partitions held 20 round and 20 tubenose gobies and two smaller partitions held 4 round and 4 tubenose gobies as controls. The tank was set up as a recirculating system in which water was pumped in and drained to a larger reservoir under constant aeration and temperature control. A biofiltration unit containing activated charcoal was added to the reservoir to maintain water quality. The photoperiod was kept at ambient environmental conditions. Fish were fed live California blackworms (Lumbriculus variegatus; Aquatic Foods Company, California, USA) to satiation every other day throughout the acclimation and experimental duration. Water temperatures were measured daily by digital temperature loggers submersed in the tank. Water quality was monitored weekly by measuring pH, dissolved oxygen, temperature and specific conductance.
Fourteen environmentally uncommon PCBs were used to dose fish so as not to co-elute with PCBs bioaccumulated by fish from the field. The selection of the congeners was based on Frame et al. (1996) who reported on the distribution of individual PCBs in 17 commercial Aroclor Mixtures. All selected congeners were either non-detected or \0.03 % of total PCBs present in commercial Aroclor mixtures. The exceptions were PCB 6 which had up to 3.84 % composition in lesser used light Aroclor mixtures (Aroclor 1221, 1232) but exhibits lower environmental persistence and PCB 13 (up to 1.12 % in Aroclor 12.21 % and \0.7 % in other mixtures). The second criteria was based on relative retention indices (Chu and Hong 2004) of the selected PCBs which were chosen to be sufficiently different on a DB-5 column from environmentally common Aroclor PCBs enabling their separation by GC-ECD. The third criteria for selection of model PCBs was based on the distribution of hydrophobicity (log K OW from 5.02 to 7.55; Hansen et al. 1999 ) which encompassed the range of hydrophobicity of environmentally common PCBs. The selected dosing mixture contained PCBs (IUPAC #s): 6, 13, 21, 23, 43, 62, 89, 57, 68, 112, 125, 166, 204 and 205 derived from individual standards of neat chemical (AccuStandard, New Haven, CT, USA). The above PCB congeners, henceforth referred to as 'model PCBs' were selected based on the above criteria and were considered unlikely to have bioaccumulated in fish collected from the Detroit River. Prior to dosing, experimental fish were weighed, sexed and measured for total length after light anesthesia using MS-222. Each fish was administered an intraperitoneal injection (IP) as described in O'Neil et al. (2013) . The volume of injection was 0.5 uL dosing oil/g body weight to achieve nominal target doses of 20 ng/g for PCBs 6, 13, 23, 43, 62, 89, 68, 112, 125, 166, 204, 205 ; 25 ng/g for PCB 21; and 100 ng/g for PCB 57. Control fish were sham dosed with an equivalent volume of sunflower oil. Following injection, fish were allowed to recover and placed back into the experimental tank. Fish were held 2 days before sampling to allow tissue re-distribution of the injected PCBs (O'Neil et al. 2013) . Four fish of each species were destructively sampled on day 0 (2 days following IP injection), 15, 30, 60 and 90. At each sacrifice, fish were weighed, measured for total length and sexed. Control fish were sampled on Day 0 and Day 90. This study was conducted under ethical approval from the University of Windsor's Animal Care Committee.
The neutral lipid and PCB content of whole-body homogenates of each fish was analyzed by solid/liquid chromatography as described in Daley et al. (2009) . Prior to extraction, each sample was spiked with 200 ng of PCB 34 as a recovery standard. Neutral lipids was determined gravimetrically by removing 10 % of the dichloromethane/ hexane (1:1 v/v) used for PCB extractions. The remaining extract was cleaned up by florisil chromatography described in Lazar et al. (1992) . Modifications to the clean-up procedure involved use of 50 mL of hexane to collect the first fraction followed by a second fraction consisting of 50 mL 15:85(v/v) dichloromethane:hexane. Each fraction was collected in separate receiving flasks and concentrated to a final volume of 1 mL in isooctane. Analytical determination of PCBs was performed by gas chromatographyelectron capture detection (GC-ECD) (Lazar et al. 1992 ). For each set of 4 samples extracted, a, method blank, internal reference tissue homogenate (Detroit River Carp), PCB 34 recovery standard, external PCB standard (Quebec Ministry of Environment Congener mix; AccuStandard, New Haven, CT, USA) and non-environmental PCB standard (AccuStandard, New Haven, CT, USA) was analyzed. Analytical precision was checked by comparing native PCBs in reference homogenates with laboratory control charts and found to be within 2 standard deviations of the control chart values for each batch. Mean internal standard recoveries for PCB 34 were 64.5 % ± 18.9 %. Owing to the low recoveries in a few samples, all data were PCB 34 recovery corrected. Data for two tubenose gobies (1 day 0 and day 90 replicate) were eliminated due to recoveries \30 % and or very large PCB205 correction factors. Detection limits ranged from 0.01 to 0.05 ng/g wet weight.
After testing normality via probability plots, variables related to fish body weight and fish lipid mass were lntransformed to conform to normality. Analysis of variance (ANOVA) was used to test for differences in body weight or lipid mass between the species and through time and also to test for the species 9 time interaction (i.e. growth). The k tot values were determined by linear regression of ln lipid equivalent PCB concentration (ng/g lipid equivalent) versus time and establishing k tot as the slope from the above relationship following control correction of the data by subtraction of the mean PCB concentration in controls from each treatment fish. Non-detected values were removed from linear regressions.
Close attention was paid to PCB 205 as the most hydrophobic PCB present in the dosing solution (log Kow = 7.55) and expected to be eliminated at the slowest rate. For this congener, both a mass balance (trend in total mass of PCB 205 in fish with time) and lipid normalized concentrations with time indicated nonsignificant loss of chemical from fish over 90 days. For example, round and tubenose gobies showed a weak but non-significant positive slope of PCB 205 mass in fish with time (p [ 0.1 and p [ 0.5 for round and tubenose goby, respectively; ANOVA). Given that PCB 205 showed no evidence of elimination, it was subsequently used as a conservative tracer to correct lipid concentrations of other PCB congeners present in the dosing mixture. This correction accounts for individual differences in the assimilated dose of PCBs from the IP injection as well as growth dilution and/or weight loss that may have occurred over the study. The PCB-205 correction was as follows:
where C PCB(x) is the lipid equivalent concentration (ng/g lipid equivalent) of congener (x) in the sample, C PCB(m205) is the mean lipid equivalent concentration (ng/g lipid equivalent) of PCB 205 measured in all fish from the same species over the study and C PCB(205) is the lipid equivalent concentration (ng/g lipid equivalent) of PCB 205 measured in the sample fish. Thus, for all congeners except PCB 205, k tot was determined as the slope of a linear regression of ln C PCB(x,c) versus time. Control correction was performed prior to PCB 205 correction. k tot values were only reported for congeners which demonstrated a significant slope. To test for differences in k tot between species, the data on ln transformed control corrected C PCB(x,c) with time was reduced using principle components analysis (PCA 
Results and Discussion
Water temperatures were constant at 21.40 ± 0.48°C and exhibited no change with time. No fish mortalities occurred throughout the study. The mean whole-body weights ± standard error (SE) for round and tubenose gobies were 2.88 ± 0.06 g and 2.85 ± 0.05 g and were not significantly different from one another (p [ 0.5). The mean ± SE whole-body lipid contents of round and tubenose gobies were 4.07 % ± 0.35 % and 3.93 % ± 0.31 %, respectively and were not significantly different from each other (p [ 0.05). Neither lipid nor body weight showed significant changes (p [ 0.05) with time. Dosed PCBs were not detected in analytical blanks run with sample batches. PCBs 23 and 43 suffered from analytical interferences in the samples which prevented accurate quantitation. In the case of PCB 23, the co-eluting chemical was identified as native PCB 49. The interference with PCB 43 was not identified. These compounds were therefore removed from the data set. Control fish had nondetectable concentrations for PCB 6 and 13. However the remaining PCBs were observed at concentrations in control fish and ranged from 0.6 % to 20.3 % of concentrations measured in Day 0 treatment fish (Table 1 ). There was no evidence for an increase in control PCB residues with time. This implies that fish were in steady state with their food over the course of the acclimation and study period. Therefore, the mean control concentration for day 0 and 90 fish for each species was subtracted from each treatment fish prior to analyzing the data.
Significant elimination of PCBs 6, 21, 57, 62, 68, 89, 112 and 125 was observed for round goby (Table 2) . For tubenose goby, significant elimination was observed for PCBs 21, 57, 62 and 68 (Table 2 ). PCB 13 in both species and PCB 6 in tubenose goby exhibited large numbers of non-detection values that prevented credible k tot values from being determined. Figure 1 presents elimination trends for 3 selected PCBs (PCBs 21, 57 and 68) that underwent elimination from both species. PCB concentrations were generally similar between Day 0 and 15 for most of the dosed chemicals and for some congeners (e.g. PCB 57) more variable for the day 30 time point. Slower elimination between the first time points may have occurred as a result of lags in inter-tissue distribution of PCBs to slowly perfused storage compartments such as fat and skin.
A PCA was performed on the data matrix comprising of control and PCB 205 corrected concentrations of PCBs 6, 13, 21, 57, 62, 68, 89, 112, 125, 166 and 204 . The first, second and third principle components had eigenvalue greater than 1 and each component explained 50.1 %, 18.0 % and 9.6 % of the variation of the data. Loadings of individual PCBs to each PCA axis is summarized in Table 3 . PCA 1 had strong positive loadings (correlation coefficients [0.70) for PCBs 21, 57, 62, 68, 89 and 125 (Table 2) all of which showed significant elimination by one or two species. The 2nd and 3rd PCA axes were associated with PCBs that did not undergo significant elimination (e.g. PCB 166 for PCA 2 and PCB 204 for PCA 3) and were not considered further. The ANCOVA for PCA scores on the first component axis showed time as a significant variable (p \ 0.001; ANCOVA) as well as a significant species x time (p \ 0.01; ANCOVA) interaction term. This indicates that round gobies more rapidly eliminated PCBs compared to tubenose goby.
PCB elimination rate coefficients and half lives for gobies were similar to those observed for other small fish held near to their preferred water temperature. Paterson et al. (2007) reported elimination of PCBs in yellow perch (Perca flavescens; 4.7 g fish) during a warm temperature period (22°C). Half lives of PCBs for yellow perch over a similar K OW range as reported in the present study were from 26 to 72 days. Li et al. (2015) reported elimination of PCBs in 2.3 g goldfish (Carassius auratus) held at 21°C. Half lives of PCBs from Li et al.'s study ranged from 33 to 58 days over the equivalent K OW range. Hattula and Karlog (1973) reported a half-life for sum PCBs of 21 days in goldfish (1.8 g) held at 21-23°C, which corresponds to an elimination rate of 0.03 day -1 . Fisk et al. (1998) reported half lives of PCBs in 10 g rainbow trout (Oncorhynchus mykiss) occupying 12°C waters, which is close to their preferred temperature, that ranged from 29 to 79 days for equivalent K OW congeners.
Other studies have observed negative relationships between PCB hydrophobicity and their respective elimination rate coefficients from fish (Niimi and Oliver 1983; Paterson et al. 2007; Li et al. 2015) . In the present study, both round and tubenose goby k tot values significantly (p \ 0.05; each species) decreased as a function of chemical K OW according to the following relationships:
Round goby: log k tot ¼ À0:32 AE 0:11 Á log K OW þ 0:40 AE 0:64; r 2 ¼ 0:51; p\0:05 ð2Þ
Tubenose goby: log k tot ¼ À0:64 AE 0:13 Á log K OW þ 1:97 AE 0:76; r 2 ¼ 0:89; p\0:05 ð3Þ
Figure 2 provides a plot of log k tot as a function of chemical K OW in each species along with 95 % confidence intervals around each regression fit. Although PCB 21 had a similar elimination rate in the two species ( Fig. 1 and 2 ), PCBs 57, 62 and 68 had from 2.0 to 3.2 fold higher elimination rates from round goby consistent with the PCA ANCOVA results.
However, some caution in the over interpretation of differences in slopes from Eqs. 2 and 3 are warranted. Only a small number of PCB congeners (n = 4) exhibited significant elimination from tubenose gobies and having a larger number of compounds over a larger range of chemical hydrophobicity would be desirable. The small number of PCB congeners used in the present research was due to experimental constraints that resulted from the choice of test species used. Experimental fish had to be collected from contaminated field locations as they are not available as laboratory cultures. While round goby is widely distributed throughout the Laurentian Great Lakes, tubenose goby has remained restricted in its distribution largely to the HuronErie corridor and western Lake Erie necessitating their collection from contaminated field locations (Vanderploeg et al. 2002; Kocovsky et al. 2011) . These constraints necessitated dosing fish with model PCBs as opposed to more common PCB congeners found in the natural environment. Even so, control animals were observed to contain small amounts of the dosed PCBs that may have been accumulated in the field or present in trace amounts in the food fed to fish that necessitated control correction. Ideally, use of 13 C-labelled PCBs in the dosing mixture would circumvent this issue, although at a greatly increased expense in the procurement of dosing compounds. The PCBs dosed to fish in the present study were selected as model compounds that exhibit a range of hydrophobicity's comparable to the range of hydrophobicity found in environmentally common PCBs. It is thus argued that the relationships generated by this research are still relevant to environmentally common PCBs. This is because PCB toxicokinetics in fish is dominated by diffusive flux across fugacity gradients between the fish and water/feces which is ultimately regulated by physical properties of congeners such as lipid/water solubility and K OW . Indeed, Drouillard et al. (2007) demonstrated that a similar set of model PCBs (PCB 7, 23, 61, 109 and 173) exhibited similar elimination rate coefficients from the freshwater mussel (Elliptio complanata) as Aroclor PCBs.
Overall, the present study demonstrates that PCB elimination in round and tubenose goby exhibited broadly similar PCB toxicokinetics as has been measured in other small fish species under limited growth and constant temperature conditions, although species differences in the rate of PCB elimination was evident. This implies that calibrated PCB toxicokinetic parameters, as opposed to generic, allometrically scaled toxicokinetics are more appropriate for use in bioaccumulation models to understand the impact of invasive species such as the round goby on trophic transfer of sediment associated contaminants. a PCB congeners having correlation coefficients exceeding 0.7 onto a given Principle component were considered strongly associated with the component Fig. 2 Elimination rate coefficients of PCBs in round goby (filled circle) and tubenose goby (triangle). Error bars are standard error of the slope estimate. Solid lines are linear regression fits to the data. Dotted line is the 95 % confidence interval around round goby fit. Dashed Line is the 95 % confidence interval around the tubenose goby fit
